ABSTRACT
Eleven patients with cerebellar ataxia (Table 1 ) and eleven healthy subjects matched for age,
157
handedness, and gender participated in the study. The mean and standard deviation of the ages of 158 the patients and age-matched controls were 62 ± 13 years and 60 ± 12 years, respectively. We 
Impedance estimation
Ontario), an exoskeleton robotic device that allows for movement of the shoulder and elbow 
184
Thus, a modified version of the impedance measurement method proposed by Dolan (1993) , 185 which estimates , , and simultaneously (Eq. 1) was used. and force trajectories for a given direction were used to estimate the mass, damping, and stiffness quantified by the total area between the template and a subject's hand path. Regardless of whether the subject's hand path was inside or outside the template, the enclosed area was given a 285 positive value.
287
Statistical analysis by ANOVA tested for differences in the between-subjects factor of diagnosis
288
(controls and patients) and the within-subjects factor of condition (Baseline, CW, and Isotropic).
289
Paired t-tests were also used to compare repeated measures (CW and Isotropic perturbations) 290 within a group. The controls showed improved performance over time, whereas the performance of the patients The two other properties characterizing an ellipse are its aspect ratio and size. For the controls,
360
the aspect ratio of their hand stiffness ellipse decreases from the CW to Isotropic condition (one-361 sided pairwise t-test, p = 0.008), whereas no significant difference was seen in the patients (p = 362 0.12) (Fig. 3A) . This indicates that the stiffness ellipse of the controls was more circular in the
363
Isotropic than the CW condition. This intuitively makes sense, as the Isotropic session required 364 subjects to resist perturbations in many different directions.
366
The controls were also better at modifying the size of their hand stiffness ellipse between the two 367 perturbation conditions (Fig. 3A) . Their stiffness ellipse was larger in the Isotropic than the CW computing the stiffness matrix and ellipse orientation from each data set. Figure 3 shows the 388 probability density function of the estimated stiffness ellipse orientation for each subject.
389
Estimates from the CW and Isotropic data sets (each containing 300 values) were randomly shoulder joint in order to maintain their arm posture.
409
The change in joint stiffness can help to explain the rotation of the hand stiffness ellipse. Gomi
410
and Osu (1998) made measurements of the arm stiffness ellipse while subjects voluntarily 411 controlled co-contraction of different agonist-antagonist muscle pairs using EMG biofeedback.
412
In all five arm configurations tested, co-contraction of the shoulder muscles resulted in counter- the limited number of studies regarding the cerebellum and impedance control, the exact role of 500 the cerebellum in feed-forward stiffness modulation via co-contraction is unknown. that arise from their cerebellar deficits. It should also be noted that the patients' impaired 524 stiffness modulation cannot be attributed to an inability to increase arm stiffness, since their hand 525 stiffness ellipses were no different in size than those of controls (Fig. 3B) . The cerebellar patients generally showed worse performance than the controls in our tracing task,
543
which was not surprising given that tracing ability is one of the assessments in the ICARS.
544
However, it was interesting that increasing stiffness in the postural maintenance task had a 545 positive effect on patients' subsequent tracing. While it was expected that subjects increase their final Baseline Post session (when stiffness was low) was worse than that of the previous CW and
552
Isotropic sessions (when stiffness was high). As for the controls, their tracing performance was 553 already good in the baseline session, so the lack of transfer may be attributed to a ceiling effect.
555
The effect of the postural maintenance task on the tracing task in patients was of particular 
828
The time to perform the tracing task did not differ between groups or conditions. 
